The regulatory metabolite, fructose 2,6-bisphosphate (Fru 2,6-P2) was found in green pepper (Capsicum annuum L.). The Fru 2,6-P2 level was found to: (a) rise rapidly in response to heat; (b) drop rapidly, followed by recovery, in response to cold storage of fruit and, (c) oscillate during cold storage of fruit. The possible existence of a relationship between chilling injury and Fm 2,6-P2 is considered.
Among the conditions to which plant tissues must adapt is temperature fluctuation. A number of horticulturally important plant tissues are severely stressed by prolonged exposure to temperature in the range of 0 to 10°C, developing with time a number of irreversible and undesirable properties collectively known as CI' (the exact lower storage temperature may be less than 10°C depending on the species). In some commodities, CI can be prevented by conditioning (prestorage exposure to temperatures between ambient and 10°C). Both conditioning and CI are associated with a complex array of physiological and biochemical responses (14, 25) . Hence, CI is thought to involve one or more metabolic imbalances which may become lethal. A logical starting point for investigation of CI, therefore, would be at specific purported points of enzymic regulation.
One of the processes plants must continually regulate is the flow of carbon to synthetic, storage, or energy-producing processes. Fru 2,6-P2 has been shown in a variety of plant tissues to affect a number of cytoplasmic enzymes associated with the usage of fixed carbon or imported sucrose (19) (20) (21) 29) . It activates PFP (2, 3, 8, 13, 16) , UDPG phosphorylase (5) , and ATP pyrophosphohydrolase (4) and inhibits cytosolic FBPase (2, 7, 10) usually at nM concentrations. The effects of Fru 2,6-P2 are so strong on potato tuber PFP that the degree of activation of potato PFP has become a standard assay for Fru 2,6-P2 (23, 24) .
In this paper we establish the presence of the regulatory metabolite Fru 2,6-P2 in CI-sensitive green sweet pepper fruit and that the levels of Fru 2,6-P2 change dramatically and 'Abbreviations: CI, chilling injury; Fru 2,6-P2, fructose 2,6-bisphosphate; PFP, pyrophosphate dependent 1-fructose 6-phosphate 1- phosphotransferase; UDPG phosphorylase, uridine 5'-diphosphate glucose phosphorylase.
rapidly in response to environmental temperature changes. The possibility of a relationship between CI and the changes in levels of Fru 2,6-P2 are discussed.
MATERIALS AND METHODS

Plant Material
Freshly picked green bell peppers (Capsicum annuum L. cvs Early Cal Wonder or Yolo L) were obtained directly from two packinghouses (depending on cultivar), washed in deionized water, and stored at either 1 or 10°C within 11 h of harvest. Yolo L cv was used for the June 1986 assays, and Early Cal Wonder cv was used for the November 1986 and January and February 1987 assays. For each harvest, between 100 and 200 peppers were stored at each temperature.
Assays
Pericarp samples for Fru 2,6-P2 determination were excised with a razor blade and, without warming, were immediately frozen in liquid N2 and stored at -70°C until extraction. A (1.05 ± 0.04 g) sample was ground in liquid N2 in a mortar and extracted according to Stitt and Heldt (20) except that 1.0 mL water was added to induce phase separation after incubation of ground sample in basic chloroform-methanol solution. Most of the methanol and water was removed using an Evapomix2 at 40°C. The remaining solvent was removed by lyophilization. The extracts were assayed according to Van Schaftingen and Hers (23) . In test extractions 80 to 90% of added Fru 2,6-P2 was recovered.
Enzyme Preparations and Chemicals
The potato PFP which was used to assay Fru 2,6-P2, was partially purified according to Van 
RESULTS
Presence of Fru 2,6-P2 in Pepper Pericarp
By standard extraction procedures we obtained a substance which could stimulate potato PFP several-fold depending on the particular fruit and amount of extract assayed. The stimulatory effect of the extract could be completely destroyed by lowering the pH of the extract to 2 and warming it to 30C for 30 min. These two properties establish the presence of Fru 2,6-P2 (24) in pepper pericarp. (Fig. 2) . Both the phase and frequency of the oscillations in Fru 2,6-P2 were affected by temperature (Fig. 2, a-f ). Because the phase and frequency of the oscillations were altered differently, on rare occasions the average Fru 2,6-P2 level in 10°C fruit was less than that in 1°C fruit. This was seen on or before 90 h of storage for four of the six harvests (Fig. 2, a-d (10 per sample) to 10°C at selected times in order to determine overall degree of CI, all cut fruit were also transferred to 10°C. For any given length of storage for a given harvest, the overall levels of CI 3 d later for uncut and cut fruit were essentially the same (compare 'Os' and 'Xs' in Fig. 2, a, b, c, and f) . Figure 2 . Average Fru 2,6-P2 level as a function of time for fruit stored at 1 OC (A) and 100C (0). Peppers were handled as in "Materials and Methods." At indicated time intervals after the peppers were placed in storage, samples from each of 10 peppers at each temperature were frozen separately in liquid N2 and stored at -700C until they were extracted for Fru 2,6-P2. Degree of Cl for uncut (*) and cut (0) fruit. At the 16, 40, 70, 91, 144, and (in the case of Early Cal Wonder cv) 192-h sampling times, 10 uncut peppers were transferred in a paper bag from 1 to 1 00C and held for 3 d to bring out Cl. All peppers (initially at 1 OC in the Yolo L cv harvest of June 19, 1986 and all three harvests of Early Cal Wonder cv) from which samples were taken were also transferred to 1 00C to bring out Cl. The degree of Cl was numerically rated as described in the text and averaged before plotting. The (---) line representing Cl is based on data from both uncut (*) and, where available, cut (0) fruit and on the assumption that Cl is strictly cumulative in nature. ofCI for a given fruit could be fixed by warming the remainder of the fruit to 10°C.
The severity of CI as a function of level of Fru 2,6-P2 is shown for the three harvests of Early Cal Wonder fruit in Table I . Clearly, CI is not a linear function of Fru 2,6-P2. If CI is any sort of function of Fru 2,6-P2 level, the function must also incorporate the levels of other metabolites which were not measured but could play significant roles in a complex scheme with several allosteric regulators. The work with spinach leaves suggests that such a complex scheme is likely (19) . The one clue in Table I that a complex relationship might exist is the fact that as the percentage of surface area affected by CI becomes significant, the level of Fru 2,6-P2 first tends to rise but then levels off or even decreases as most of the surface area becomes involved. That type of progression was apparent not only for these three harvests, but for every harvest where appropriate data was gathered. However, the high degree of scatter of the data prevents us from drawing any conclusions.
DISCUSSION
The storage ofpeppers at temperatures below 7°C can result, over a period of days to a couple ofweeks, in an accumulation of undesirable characteristics, which include shallow depressions. These depressions not only give the fruit an old appearance, but also can serve as an initiation point for decay. Other symptoms include surface scald, deterioration of calyx, and browning of seeds. The susceptibility of the fruit to CI is cultivar dependent (6) . CI in peppers can be reduced either by initial storage at 10°C (temperature conditioning) or by intermittent warming (14, 26) . The conditional nature of the severity and exact manifestations, and the time requirement of CI in peppers, all suggest that CI is due to some metabolic imbalance. The enzyme(s) that would have to malfunction in order to cause this irreversibly damaging imbalance has yet to be delineated for any plant tissue.
The prevailing thinking regarding CI focuses on the effects that the temperature dependent fluidity of membrane lipids have on the Vm. of membrane-bound enzymes (25) . The problem we have with this thinking is that under physiological conditions the maximum rate of turnover is not realized Table 1 . Relationship between Fru 2,6-P2 Levels and Cl
The Fru 2,6-P2 value is the average for all fruit with the indicated degree of Cl independent of length of storage at 1°C for 6 h and beyond. All (5) 17 ± 6(6) aMean ± SD (n). unless the enzyme is regulatory. Hence, a large change in Vmax due to changes in membrane fluidity may have limited physiological significance unless the enzyme is normally rate limiting. We propose that a more fruitful approach toward uncovering the metabolic imbalances leading to CI would be to look for significant temperature effects on known centers of metabolic regulation. We chose to first look at the regulation of carbohydrate metabolism.
The control of carbohydrate metabolism including glycolysis appears to take place in the cytoplasm, with Fru 2,6-P2 playing a central and complex role (2, 3, 7, 10, 11, 13, 19) functioning only as a regulatory metabolite (3, 20) . Its physiological nm concentrations can have enormous effects on at least two ofits target enzymes: PFP and UDPG phosphorylase (1, 5, 24) . Its role in the regulation of carbohydrate metabolism has been studied in several plant tissues which import sucrose and studied extensively in spinach leaves (2, 7, 17, 19, 29) . Its synthesis and degradation appear to be controlled by a single enzyme (22) .
In this study we establish that Fru 2,6-P2 is present in green pepper fruit in nm concentrations and that its concentration is highly sensitive to temperature. The temperature sensitivity of Fru 2,6-P2 is made apparent by the approximately fivefold increase of Fru 2,6-P2 in pepper slices (at 23C) when transferred to 30°C water. The response of Fru 2,6-P2 in whole fruit placed directly into storage at 1°C was a precipitous drop during the first 24 h followed by recovery. The precipitous drop is not apparent when slices are placed in 3°C water possibly because of either the shorter time scale (1 versus 24 h) or the much more rapid chilling of the tissue may inhibit the ability of the tissue to respond to temperature changes. The Fru 2,6-P2 levels in whole fruit placed directly into storage at 10°C changed less dramatically, reflecting the smaller drop in fruit temperature.
Superimposed on the drop and recovery of Fru 2,6-P2 concentrations in response to fruit temperature decrease is an apparent slow oscillatory component. The exact phase, amplitude, and frequency also appear to be affected in part by temperature. Cultivar and unique factors of each harvest also appear to be involved. Why Fru 2,6-P2 should oscillate is unclear. The oscillations could be the result of an inefficiently operating feedback mechanism. In other tissues, the fructose 6-phosphate 2-kinase/Fru 2,6-P2 phosphatase is allosterically affected by four important metabolites: fructose 6-phosphate, inorganic phosphate, dihydroxyacetone phosphate, and 3-phosphoglycerate. Oscillations of Fru 2,6-P2 levels in pea plants in response to root flooding have also been reported, but this occurs on a much shorter time scale ( 15) .
Understanding this complex allosteric feedback mechanism could be crucial to determining whether Fru 2,6-P2 levels do play a part in the development of CI. If this metabolite does play a role, the mechanism by which it does so is not simple and demonstrating the role is not easy. The oscillatory nature of the level of Fru 2,6-P2 with time clearly can complicate any correlations. Also, the fact that CI does not simultaneously develop over the entire surface of the fruit allows for the possibility that metabolite levels in surrounding still healthy tissue and in chill-injured tissue are not the same. Thus, one could mask the other. Overcoming this problem could require a novel method to predict the exact location of future CI. Finally, when CI becomes severe, tissue dehydration can become significant enough to mask a terminal drop in Fru 2,6-P2 levels.
Whether the oscillations of Fru 2,6-P2 levels have anything to do with CI is also unclear. The one hint that there might be some connection is that the four harvests which were very sensitive to CI were unique in that during recovery, the Fru 2,6-P2 level in fruit at 10°C at some point (usually 3.5-4 d) was less than that in fruit at 1°C (Fig. 2, a-d) . Otherwise, from the recovery phase on, the level of Fru 2,6-P2 in fruits at 10°C was higher than that at 1°C (Fig. 2, e-f .
Thus, another stimulus (temperature stress) has been shown to affect the level of the regulatory metabolite, Fru 2,6-P2 in plant tissue. Other stimuli include CO2 stress, light, seed germination, anoxia, exposure to ethylene, cutting of tubers, and mildew infection (3, 10, 11, 13, 18, 19, 22, 28) . The significance to overall plant metabolism of the systems which Fru 2,6-P2 can help regulate may vary from tissue to tissue (12, 13, 27) . However, in sucrose-importing tissues such as green pepper fruit, Fru 2,6-P2 may regulate the conversion of sucrose to pyruvate (29) . The effects of a sudden temperature change on Fru 2,6-P2 may help explain temperature effects on respiration (9) and may be important in developing temperature storage treatments to prevent CI in green pepper.
